The roles of inflammation and inflammatory cells such as Th17 cells in the development and progression of cancer have been extensively studied. However, the results have been varied, with conflicting conclusions. Most studies have focused on changes in inflammatory phenotypes once cancers have developed and disease is progressing. Far fewer studies have looked at the immune phenotypic changes that occur during progression of premalignant lesions to cancer. The impact of inflammation and, in particular, Th17 cells on tumor biology is summarized in this review, with a focus on the differences in the outcomes of studies. Possible explanations for the contradictory conclusions are also suggested.
Inflammation and Tumor Progression
The role of inflammation in promoting or protecting from tumor progression has been under investigation for an extensive period of time, but remains unsettled. There is literature implicating inflammation as being pro-tumorigenic in part through the induction of genetic instability [1, 2] . Studies of premalignant oral lesions in patients and in a murine oral model of premalignant oral lesions have shown an increased inflammatory state that is characterized by increases in levels of inflammatory cytokines such as IL-6, TNF-α and IL-17 [3] [4] [5] [6] . However, these studies also showed that the inflammatory state subsides as premalignant lesions progress to cancer and is replaced by inhibitory mediators. In a different carcinogen-induced mouse model for cancer development, multiple inflammatory cytokines, including IL-17, were increased during the premalignant lesion stage, but then continued to further increase once cancer developed [7] . Studies to dissect the processes associated with the linkages between inflammation and colon cancer have shown that
This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited. enteropathogenic bacteria trigger pathways involving CCL2 and PGE 2 that facilitates the recruitment and proliferation of Th17 cells in the intestine [8] . In a separate study, production of PGE 2 by breast tumor cells was shown to stimulate dendritic cell production of IL-23 which, in turn, triggered Th17 cell expansion in the tumor microenvironment [9] . Contributing to the complexity of inflammation in cancer progression is the heterogeneity of inflammatory cells and the mediators that they can release [3, 10, 11] . Immune plasticity, and in particular that of CD4 + cells, further complicates conclusive determinations of the role of inflammation in tumor progression [4, 12, 13] . This is to a large part due to the plasticity being driven by the cytokine milieu, creating a highly interactive scenario whereby mediators from immune cells, premalignant lesion or tumor cells, and the surrounding stroma all having an influence on the immune infiltrate and its pro-or anti-tumorigenic effects [4, [13] [14] [15] .
Are Th17 cells pro-tumorigenic or anti-tumorigenic (summary in Figure 1 )?
Th17 cells are among the CD4 + cell populations that are inflammatory. However, they also can express Th1-type cytokines, or they can be driven toward becoming inhibitory Treg cells [4, 16, 17] . Results of studies to elucidate if Th17 cells promote or protect from tumor progression are particularly conflicting, with discrepancies between multiple studies. Most studies have focused on the role of Th17 in established cancer [6, 15] . For examples, an increase in more highly activated Th17 cells has been associated with improved prognosis of patients with oropharyngeal squamous carcinoma [18] . Patients with benign salivary gland tumors had higher levels of Th17 cells compared to the levels in patients with malignant salivary gland tumors [19] . Studies with melanoma patients showed that those with higher levels of Th17 cells had better survival following vaccination with surviving-derived peptides [20] . Th17 cell presence in early stage ovarian cancer and in malignant pleural effusions was associated with improved prognosis as the Th17 cells could promote a Th1 cytokine environment able to recruit effector T-cells [21, 22] . Consistent with this capacity to promote a Th1 environment are results of a study that looked at inter-cellular interactions that could be induced by Th17 cells [23] . This study showed that Th17 cells could induce dendritic cells that produce IL-12/IL-23 which, in turn, can polarize naïve and Th17 cells to a Th1 phenotype. In addition to their immune modulating roles, Th17 cells have also been shown to have direct anti-proliferative and apoptosis-inducing effects toward head and neck cancer [24] .
Several studies have used approaches to alter levels of Th17 cells so as to determine their role in tumor growth. For example, overexpression of IL-6 in a mouse pancreatic cancer model enhanced induction of Th17 cells [25] . Associated with this increase in IL-17 cells was reduced development of cancer and improved mouse survival. A different approach using a vaccine composed of heat-shock protein 65 mixed with GL261 glioma lysate showed upregulation of IL-17 peripherally and an increase in brain-infiltrating Th17 cells [26] . Because this increase in Th17 cells was associated with prolonged survival of gliomabearing mice, it was suggested that the Th17 cells contributed to the beneficial effects of the vaccine. A study involving several different cancer mouse models showed that treatment with mice with Toll-like receptor ligands increased the accumulation of T-cells that secreted multiple cytokines, including IL-17, delayed tumor growth and enhanced mouse survival [27] . However, this protection was absent in mice that were deficient in IL-17, further supporting the anti-tumor role of IL-17-producing cells.
Contrasting with studies suggesting a beneficial anti-cancer effect of Th17 cells, there is ample literature suggesting the opposite. Demonstration of higher levels of Th17 cells in more advanced stage hypopharyngeal carcinoma led to the suggestion that Th17 cells contribute to cancer development and metastasis [28] . In separate studies, high levels of Th17 cells were associated with poorer survival outcome in colorectal cancer and in breast cancer [29, 30] . This poor clinical outcome in breast cancers with Th17 cell accumulation was shown to be associated with the inhibition of CD4 + cell and CD8 + cell activation, thus limiting anti-tumor immune reactivity [31] . While Th17 cells are typically considered to be inflammatory cells, studies with rheumatoid arthritis patients demonstrated a Th17 subset of Treg that not only produced IL-17 but also exhibiting immune inhibitory activity [32] . Whether or not such cells are also present in cancer patients has not been examined but, if present, they could contribute to tumor-induced immune inhibition and, in turn, facilitate tumor progression. There are also non-immunological mechanisms by which Th17 cells can be pro-tumorigenic. For example, by their production of IL-17, Th17 cells can enhance angiogenesis and impair the endothelial barrier, allowing for an increased tumor development and metastasis [33, 34] . A separate study showed that the stimulation of angiogenesis by IL-17 was due to its stimulation of tumor cell production of VEGF [35] .
Possible explanations for contradictory conclusions
Some of the apparent contradictory roles of Th17 cells in cancer progression may be a result of how these cells are recognized, which is typically by the expression of IL-17 or by measurement of IL-17 levels as a surrogate for Th17 cells. However, a study with squamous cervical cancer showed that the main tumor-associated producers of IL-17 were not Th17 cells, but instead were neutrophils. The level of these IL-17-producing neutrophils was associated with poor disease survival while elevated levels of CD4 + cells expressing IL-17 were associated with improved survival [36] . A separate study with breast cancer also showed neutrophil presence to promote tumor progression, but instead showed T-cell production of IL-17 to be responsible for recruitment of these tumor-promoting neutrophils [29] . Here too, there are contradictory study conclusions. In a study with a mouse tumor model, neutrophils were shown to be protective against tumor progression by limiting the inhibitory effects of IL-17 on CD8+ T-cell responses to tumor [37] . The inter-connections between IL-17, T-cells, and neutrophils have only recently become a topic of study and much more clarity is needed before concluding how to best manipulate these interactions for therapeutic purposes.
It is possible that the apparent contradiction between protumorigenic and anti-tumorigenic effects of Th17 cells are not contradictions at all, but instead a reflection of multiple concurrent effects mediated by Th17 cells. Through their interaction with tumor and the immune infiltrate, Th17 cells can concurrently be protumorigenic and anti-tumorigenic as they can stimulate protumorigenic mediators from tumor and the tumor-associated stroma, while also recruiting anti-tumorigenic neutrophils and cytolytic Tcells [15] . Reported shifts from an inflammatory Th17 phenotype to a regulatory phenotype complicate the question of the role of Th17 cells in cancer progression. For example, increased levels of inflammatory Th17 cells have been demonstrated in gastric disease and ovarian cancer [21, 38, 39] . However, some of these studies show a decline in Th17 cells with a phenotypic shift to Treg cells in advanced disease, while others have shown persistence of Th17 cells. Similarly, levels of Th17-related cytokines were higher in patients with stage I to IIIA non-small cell lung cancer than in patients with more advances stage IIIB to IV cancer [40] . The progression of pancreatic cancer from an early to an advanced stage has also been shown to be associated with a shift to reduced Th17 and increased Treg cell levels [41] . What is of interest is how shifts in the frequency of Th17 cells during the course of progressive tumor growth and metastasis are interpreted. Some studies have suggested that the decline in Th17 cells is a form of tumor evasion and strategies to sustain Th17 cell levels could be tumor treatment approaches [6, 21] . Other studies interpret the early presence of Th17 cells to contribute to the progressive growth and metastasis of cancer [38, 39, 42] .
Premalignant lesion progression to cancer
Few studies have looked at the impact of Th17 cells in the progression of premalignant lesions to cancer. A study of the impact of deficiencies in TGFβ signaling showed spontaneous development of polyps, a decline in Treg cells, and an accumulation of Th17 cells, leading to the conclusion that Th17 cells were involved in the development of the premalignant lesions [43] . Increased levels of Th17 cells and IL-17 have been demonstrated in human premalignant lesion tissue and in premalignant tongue tissue of carcinogen-treated mice, but these levels declined and were replaced with an immune inhibitory cell phenotype once oral cancers developed [3, 4, 14] . Such studies raise the question of whether the Th17 cells and their cytokines promoted progression from the premalignant lesion state to cancer, or whether the shift in cell phenotypes represents an attempt to limit progression to cancer, which ultimately fails. Also, it is difficult to decipher which came first, the progression from premalignant lesions to cancer or the immune shift away from a Th17 phenotype. However, in vitro studies have shown that the premalignant lesion cells and the premalignant lesion milieu are capable of stimulating the induction of Th17-associated cytokines, while this stimulatory capacity is lost once the lesions have progressed to cancer [4, 14] . These studies also showed that soluble mediators from tumor tissue as well as primary tumor cell cultures contain high levels of TGF-β and redirect the immune phenotype toward Treg [4] .
Causality versus correlation between the Th17 phenotype and cancer development
While studies have assessed correlations between Th17 cells and cancer development, attempts to manipulate Th17 cell levels to test in a causal manner if they protect against cancer or promote cancer development are rare. One such study showed that injection of mice with IL-17, the hallmark cytokines of Th17 cells, increased tumor growth and metastasis [44] . A complementary study in a mouse mammary tumor model showed reduced development of tumor from a tumor cell inoculum in mice treated with IL-17 neutralizing antibody [29] . An alternate approach to pin down the pro-versus anti-tumorigenic impact of Th17 cells was to alter the cytokine balance so as to sustain the increased levels of Th17 cells seen in the premalignant oral lesion stage. This was accomplished with treatment with IL-23 plus a TGF-β type 1 receptor inhibitor [6] . Treatment of mice bearing carcinogeninduced premalignant oral lesions with this combination not only sustained Th17 cells, but to also increase levels of other cytokines, and slowed progression of premalignant oral lesions to cancer.
Concluding Remarks
While studies on the immunological impact of Th17 in various environments have been increasing in scope, many of the studies are correlative associations of Th17 cell presence or IL-17 levels in the cancer setting, with far fewer studies being designed to demonstrate in a causal manner their contribution to the condition, including to cancer development and progression. Thus, there remain unanswered questions as to whether Th17 cells are beneficial or detrimental in the course of development and progression to cancer. Clearly, the answers will not be simple, but will depend on the state of tumor development and will require studies designed to demonstrate causality of associations between Th17 cell presence and tumor development stage. It will be important to note that any conclusions on the impact of Th17 cells in tumor progression will still be a snapshot in time due to the plasticity of these cells to range from inflammatory to immune suppressive phenotypes. 
